In various types of cancer, the expression of members of the annexin family of calcium-and phospholipidbinding anti-inflammatory proteins is dysregulated. Annexin-1 (ANXA1, lipocortin-1) is involved in proliferation, differentiation and apoptosis. It serves as a substrate for the epidermal growth factor receptor (EGFR), which is frequently amplified in primary gliomas. It is unclear how annexin-1 is expressed in various neuroepithelial tumors, and whether there is any association with tumor malignancy or survival. We studied annexin-1 expression in 394 glial neoplasms of all grades of malignancy and 81 normal brain samples by immunohistochemistry using tissue microarrays. The results were validated using western blot and reverse transcription-PCR (RT-PCR). In the normal human brain, the expression of annexin-1 is limited to ependymal cells and subependymal astrocytes, but is also upregulated in reactive astrocytes. Ependymomas and astrocytomas showed significantly higher mean annexin-1 expression levels in the cytoplasm compared with oligodendrogliomas (both: Po0.0001). In addition, nuclear staining of annexin-1 in oligodendroglial tumor cells was significantly reduced (P ¼ 0.0002), which may be used as a diagnostic tool for differentiating between astrocytomas and oligodendrogliomas. Although annexin-1 expression in ependymomas decreased with the grade of malignancy, diffuse astrocytomas showed a significant increase in cytoplasmic annexin-1-positive tumor cells. However, survival analysis showed that the expression of annexin-1 is not associated with patient survival. Similar to the EGFR amplification profile, primary glioblastomas had a higher annexin-1 expression level compared with secondary glioblastomas. Thus, annexin-1 upregulation in astrocytomas may contribute to tumor progression and its expression profile is similar to its substrate, EGFR, suggesting a possible regulation thereof.
Annexin-1 (ANXA1, lipocortin-1) belongs to a structurally related family of calcium-binding ('annexing') anti-inflammatory proteins that act extracellularly as a strong inhibitor of eicosanoid synthesis and phospholipase A2. 1 Annexins have one phospholipid-binding domain and an amino terminal domain that determine their specificity. 2 The cytosolic 37 kDa protein annexin-1 is found especially in the neutrophils, lung, intestine, skin and seminal fluid, 3 where it is involved in differentiation of both glandular and squamous epithelia. 1 In the normal human brain, it is expressed in ependymal cells and microglia. 4 Results regarding its expression in neurons and astrocytes are controversial, 4, 5 while oligodendroglial cells are generally spared. 6 In pathological conditions, annexin-1 is also expressed in the macrophages, perivascular lymphocytes and reactive astrocytes. 5, 8 There is evidence that intracellular annexin-1 is involved in proliferation, differentiation and apoptosis. [8] [9] [10] [11] The expression varies among different types of cancer, as there is reduced expression in the lymphomas, esophageal, head and neck and prostrate cancers, whereas upregulated expression is observed in the pituitary, skin, breast and bladder tumors (reviewed by Lim and Pervaiz 1 ). One of the many different functions of annexin-1 is activation of the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway, independent of nuclear factor-kB, 9, 12 thereby acting as a substrate for the epidermal growth factor receptor (EGFR) and Src-family tyrosine kinases, including protein kinase C. [13] [14] [15] A majority of neuroepithelial tumors are of glial origin and are derived from the astrocytes, oligodendroglia, ependymal cells or their precursors. These are classified according to the WHO criteria in a four-tiered system. 16 The most malignant tumor is the glioblastoma that arises either in approximately 90% de novo or secondary in 10% by progression of lower-grade astrocytomas. 17 On a molecular level, these tumors differ by EGFR gene amplification and associated EGFR receptor overexpression in primary glioblastomas. 18 As annexin-1 is a known substrate for EGFR, we studied the expression of annexin-1 in various neuroepithelial tumors to determine annexin-1 expression levels dependent on the tumor WHO grade and with regard to a possible application of annexin-1 as a diagnostic marker in routine immunohistochemistry.
Materials and methods

Patient Data
The brain tumor samples enrolled in this study were retrieved from the tumor bank of the Institute of Brain Research, University of Tü bingen, as previously reported. 19 The usage of human specimens was in accordance with the University's ethics commission. The samples included 52 oligodendrogliomas, 20 ependymomas and 284 astrocytomas. The epidemiological data of the patients are given in Table 1 . Twenty-nine autopsy cases (consisting of 81 samples from different regions) belonging to an established normal brain bank, 14 autopsy cases with known gliotic changes due to various pathologic conditions (hypoxia, infarction, etc) and fetal brain tissue from 21 autopsy cases (consisting of 54 samples from different regions) were also included. In addition, tumor samples of gangliogliomas, central neurocytomas, pleomorphic xanthoastrocytomas, pilomyxoid astrocytomas, medulloblastomas, subependymomas, subependymal giant cell astrocytomas, choroid plexus papillomas and dysembryoplastic neuropithelial tumors were included in the study (details are given in Table 1 ). Histological diagnosis and grading for each tumor sample was performed according to the current WHO classification of tumors of the central nervous system by at least two, and in most cases three, experienced neuropathologists. 16 
Tissue Microarray
Tissue microarrays were constructed by extracting cylindrical tissue core biopsies showing representative tissue sections from the paraffin donor blocks followed by re-embedding these into a pre-punched hole on a single recipient paraffin block at defined array coordinates. Using this technique, previously 
RT-PCR
Total RNA from eight tumors was isolated using the RNeasy kit (Qiagen, Hildesheim, Germany), cDNA was generated using MMLV reverse transcriptase (Promega) according to the manufacturer's instructions and amplification for annexin-1 was carried out using standard protocols. The conditions for all PCRs were 30 cycles at 951 C for 30 s and at 581 C for 45 s followed by 1 min at 721 C. The used primers were: forward 5 0 -GCAGGCCTGGTTTATTGAAA-3 0 and reverse 5 0 -GCTGTGCATTGTTTCGCTTA-3 0 , yielding a product of 203 bp. PCRss were performed on an Eppendorf Thermocycler (Eppendorf, Hamburg, Germany) using aTaq polymerase (Promega) according to the manufacturer's instructions.
Evaluation and Statistics
Annexin-1 expression in endothelial vessels served as an internal positive control. Cytoplasmic expression of annexin-1 in tumors was evaluated using a semiquantitative score as 0 (no staining), 1 (singular positive cells, o1%), 2 (2-10%), 3 (11-20%), 4 (21-50%) and 5 (450%) independently by two raters (Figure 1 ). Contingency analysis for annexin-1 score followed by Mantel-Haenszel chi-square test was performed for dependency on WHO grade or patient's gender. Ordinal logistic regression was performed to test whether or not annexin-1 expression was age dependent. To test inter-observer variability in the annexin-1 assessment, a marginal homogeneity test for symmetry in a contingency table was calculated. The k values of 0-0.20 were defined as slight, 0.21-0.40 as fair, 0.41-0.60 as moderate, 0.61-0.80 as substantial and 0.81-1.0 as almost perfect. 20 Survival analysis was performed with the Kaplan-Meier curves and significance determined using log-rank test for selected groups of annexin-1-positive tumors and nuclear staining stratified for WHO grade. JMP 7.0 was used for statistical analysis.
Results
The Applied Annexin-1 Scoring Method is an Easy and Reproducible Method
The inter-observer variability for all cases examined differed at most by two scores (1/455 differed by two scores and 56/455 differed by one score). Statistical analysis showed that the agreement with regard to annexin-1 scores between raters was almost perfect (k ¼ 0.824). Only five cases differed between score 0 (no expression) and score 1 (single cells positive) and were re-evaluated for consensus diagnosis.
Annexin-1 in neuroepithelial tumors
In Normal Human Brains, Annexin-1 is Expressed in Ependymal Cells as Well as in Subependymal Astrocytes
In normal central nervous system tissue specimens of the cortex, grey ( Figure 2a ) and white matter ( Figure 2b ) annexin-1 expression was limited to endothelial cells of small capillaries and vessels, but was absent in neurons, astrocytic or oligodendroglial cells. Similar observations were made in the hippocampus, thalamus, pallidum, putamen, mesencephalon, cerebellum, pons and medulla oblongata. In contrast, expression of annexin-1 was observed in ependymal cells lining the lateral, third and fourth ventricles and in the subependymal astrocytes (Figure 2c ). In the spinal cord, the ependymal lining of the central canal and subependymal astrocytes were also immunoreactive for annexin-1 (Figure 2d) . Occasionally, few epithelial cell membranes of the choroid plexus were also immunoreactive for annexin-1. In various pathological conditions (hypoxia, infarction or brain metastasis), the surrounding central nervous system tissue with astrogliosis showed upregulation of annexin-1 in microglial cells and reactive astrocytes (Figure 2e ), although the numbers of annexin-1-positive glia were lower than those expressing GFAP. In addition, some macrophages surrounding infarction were also immunoreactive for annexin-1. In fetal brains, annexin-1 was also present in endothelial cells of small capillaries. Expression of annexin-1 was found in the ependymal layer lining lateral and fourth ventricles, as well as a few neuronal processes in the germinal matrix ( Figure  2f ). No immunoreactivity was detectable in the neurons, astrocytes or oligodendrocytes. In contrast to adult specimens, fetal choroid plexus epithelium constantly lacked annexin-1.
Annexin-1 is Expressed in Various Levels in Human Gliomas In Vivo
Western blot showed a distinct lane at 38 kDa in all 18 glioma samples examined (Figure 3a) . The intensity varied from 0.5-fold up to sevenfold overexpression in relation to b-actin intensity. The highest relative expression levels were observed in Annexin-1 in neuroepithelial tumors J Schittenhelm et al glioblastoma specimens (mean: fourfold), whereas anaplastic astrocytoma (mean: twofold) and pilocytic astrocytoma (mean 2.3-fold) showed even higher relative expression levels than oligodendroglial neoplasms (grade II WHO: 0.7-fold; grade III WHO 0.8-fold). Simple linear regression analysis showed a strong correlation between intensity of all 18 western blot lanes normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and immunohistochemistry score of each sample (P ¼ 0.008). This validates the established annexin-1 immunohistochemistry score for protein quantification. The analysis of immunohistochemistry data showed a significant upregulation (Po0.001) of annexin-1 in 
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all gliomas (n ¼ 356) compared with normal brain white and grey matter (n ¼ 72; mean: 0.1; 95% confidence interval (CI): 0.04-0.2). The highest annexin-1 expression levels were observed in ependymomas (n ¼ 20; mean: 4.1; 95% CI: 3.3-4.8), followed by astrocytomas of all grades (n ¼ 284; mean: 2.9; 95% CI: 2.8-3.2) and lowest levels in oligodendrogliomas (n ¼ 52; mean: 1.6; 95% CI: 1.4-1.8). Significant differences in mean expression levels were observed not only for ependymoma when compared with astrocytoma (P ¼ 0.0043) and oligodendroglioma (Po0.0001), but also for astrocytoma when compared with oligodendroglioma (Po0.0001).
RT-PCR Confirms Annexin-1 Expression in Gliomas
Reverse transcription-PCR using a primer pair at positions 101 and 303 of the annexin-1 mRNA yielded a product of the expected size of 203 bp (Figure 3b ) in all eight glial neoplasms examined. The strongest signal was observed in an ependymoma and in three out of five glioblastoma samples. All tumors had an immunohistochemical score of 3 or higher (ie, at least 11% immunoreactive tumor cells). Although correlation with immunohistochemistry score was only moderate, RT-PCR data confirmed that mRNA expression of annexin-1 is present in gliomas.
Annexin-1 Expression in Diffuse Astrocytic Neoplasms Increases with the Grade of Malignancy
After the exclusion of recurrent tumors, 276 astrocytomas from different WHO grades (WHO I-IV) were analyzed in detail. In total, 82% (226/276) astrocytomas contained annexin-1-positive tumor cells, with the majority of immunonegative tumors being diffuse astrocytomas grade II WHO (n ¼ 31; 34%, Figure 4b ). In astrocytomas, annexin-1 was distributed in the perinuclear cytoplasm and in the nuclei in the majority of tumors (Table 2) . Controlling for each WHO grade, there was no association between cytoplasmic annexin-1 expression and the patient's gender. Although there was a slight trend for increased annexin-1 expression levels with age 
Annexin-1 Expression in Oligodendrogliomas and Ependymomas
Next, we examined 52 oligodendrogliomas and 20 ependymomas of different WHO grades of malignancy (WHO I-III) using immunohistochemistry. In oligodendrogliomas, the overall expression levels of annexin-1 were lower than in astrocytomas, typically sparing the honeycomb-like tumor cells (Figure 4a) None of the ependymomas were immunonegative for annexin-1 ( Figure 4 , Table 2 ).
Annexin-1 Expression in Primary Glioblastomas is Higher Compared with Secondary Tumors
Next, we compared annexin-1 expression in 66 primary and 28 secondary glioblastomas. A significant difference was observed (P ¼ 0.0098) in primary (de novo) glioblastomas, which had a higher mean expression (mean: 4.8; 95% CI: 4.2-5.0), compared with secondary glioblastomas (mean: 3.9; 95% CI: 3.4-4.4). In 80 astrocytomas we were able to compare annexin-1 expression scores in the tumor center with diffuse infiltration border as defined previously. 21 The mean annexin-1 expression levels in the tumor center (3.6; 95% CI: 3.2-4.1) were higher, compared with the infiltration zone (mean: 1.9; 95% CI: 0.7-3.2; P ¼ 0.0146). There was no significant survival difference in annexin-1-positive and annexin-1-negative tumors ( Figure 5 ), although there was a trend for worse survival in annexin-1-negative glioblastomas.
Nuclear Annexin-1 Staining Predominates in Astrocytomas
In 110/222 (50%) of all astrocytomas evaluated, a nuclear staining of annexin-1 was present, whereas only 6 out of 46 (13%) oligodendrogliomas showed nuclear immunoreactivity (Table 2) . Furthermore, the mean percentage of cells showing a nuclear staining was significantly higher in astrocytic neoplasms (mean: 12.1; 95 % CI: 9.0-15.2) compared with their oligodendroglial counterparts (mean: 1.3; 95% CI: 0-6.4, P ¼ 0.002). Controlling for each WHO grade, WHO grade III anaplastic astrocytoma (35/52; 67%) and grade IV glioblastoma (41/67; 61%) had a higher proportion of cells showing nuclear annexin-1 expression than grade I WHO pilocytic astrocytoma (10/25; 40%) and grade II WHO diffuse astrocytomas (24/78; 31%). Controlling for each WHO grade, there was no survival difference between nuclear annexin-1 expressing and negative tumors ( Figure 5 ). WHO grade II oligodendrogliomas (3/27; 11%) and grade III anaplastic oligodendrogliomas (3/19; 16%) showed similar low levels of annexin-1 nuclear staining.
Annexin-1 Expression Patterns in Various Neuroepithelial Tumors Differ between Tumor Entities
We further examined annexin-1 expression in the less common neuroepithelial tumors. The Annexin-1 in neuroepithelial tumors J Schittenhelm et al epidemiologic data on these cases is also given in Table 1 . In pilomyxoid astrocytomas (Figure 6a ) the expression was observed in the cytoplasm of bipolar tumor cells, especially around tumor vessels sparing the surrounding mucinous matrix. Only few tumor cells also showed nuclear immunoreactivity. In pleomorphic xanthoastrocytomas (Figure 6b ) there was a strong immunoreactivity for annexin-1 within the cytoplasm of tumor cells and in the eosinophilic granular bodies. A distinct nuclear staining was absent. Annexin-1-positive glial tumor cells with astrocytic morphology were observed in all gangliogliomas (Figure 6c ), although the majority of glial tumor cells were immunonegative. Neuronal tumor cells and perivascular inflammatory infiltrates did not express annexin-1. The expression of annexin-1 in all central neurocytomas (including one extraventricular neurocytoma; Figure 6d ) was restricted to endothelial cells, similar to the pattern observed in most oligodendroglial tumors. In contrast, choroid plexus papillomas (Figure 6e) showed strong membranous immunoreactivity, especially on the apical layer. In addition, the majority of cells showed a distinct nuclear staining. Immunoreactivity in subependymomas was heterogeneous but generally weaker than in classical ependymomas showing positive cells mainly in clusters close to microcysts (Figure 6f) . In subependymal giant cell astrocytomas, there was a diffuse but a strong expression of annexin-1. A subset of tumor cells showed an additional membranous rim (Figure 6g) . Myxopapillary ependymomas showed constant cytoplasmic immunoreactivity of the tumor cells (Figure 6h ), although nuclear staining was observed in o10% of the cells. In pilocytic astrocytomas, the annexin-1 expression was very heterogeneous but present in all tumor specimens observed. Especially, the long piloid cell processes, Rosenthal fibers and eosinophilic granular bodies showed strong immunoreactivity (Figure 6i ). The oligodendroglial-like cells lacked annexin-1. Only occasionally annexin-1 was observed in the nuclei. In dysembryoplastic neuroepithelial tumors only a few of the cells within the glioneuronal element expressed cytoplasmic and nuclear immunoreactivity for annexin-1 whereas oligodendroglia-like clear cells and neuronal cells were negative (Figure 6j ). This pattern is very similar to glial fibrillary acidic protein (GFAP) immunostaining. There was a striking divergent pattern of annexin-1 immunoreactivity in medulloblastomas from almost negative tumor specimens to a strong, nuclear and cytoplasmic immunoreactivity in 490% of the tumor cells in one case. There was no specific pattern within the center of rosette formations, but in desmoplastic medulloblastomas, the reticulin-free areas of the so-called 'pale island' constantly lacked annexin-1 (Figure 6k ). Cytoplasmic and nuclear annexin-1 expression was variable (scores 2 and 3, respectively) in both primitive neuroectodermal tumors of the central nervous system analyzed.
Discussion
The dysregulation in cancer is common among the annexin family, of which annexin-2 has been studied extensively. Beside non-small cell lung cancer and pancreatic tumors, an expression of annexin-2 has been shown in high-grade astrocytomas 22 and shows promigratory activity in glioma cells. 23 As annexin-1 is a physiological substrate of EGFR, 24 its role in gliomas is of great interest. Cell culture studies have shown that annexin-1 mediates Figure 5 The overall survival for patients with astrocytomas of different grades of malignancy. The survival does not differ between extent of annexin-1-positive or annexin-1-negative (r1%) tumors (upper row) or nuclear annexin-1 expression (lower row).
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the inhibitory effect on glucocorticoids on EGFstimulating cell growth through tyrosine phosphorylation. 25 As an important mediator in glucocorticoid metabolism, the role of annexin-1 has been studied intensively in pituitary adenomas. 5, 26 A recent RNA microarray study has identified annexin-1 as being one of the most overexpressed proteins in primary glioblastomas. 27 The successful validation with western blot and RT-PCR data, allowed us to characterize annexin-1 protein expression in a large number of tumors using the tissue microrarray technique. In this study we are able to confirm that annexin-1 is abundantly upregulated in cytoplasm and nuclei in the tumor cells of human astrocytomas, whereas the expression of annexin-1 in normal white and grey matter is limited to some specialized structures, such as the ependymal lining, subependymal astrocytes, and a minority of choroid plexus epithelial cells. Not only did we note the annexin-1 expression in endothelial cells of cerebral vessels in normal brain, which is in accordance with a previous study, 6 ,7 but we also observed that tumor vessels showed the same pattern. The functional role of annexin-1 in the vessels is not well understood, but a protective role is proposed. 28 This consistent pattern serves as a good internal control in the otherwise immunonegative tumor specimens. In addition, we show that the annexin-1 expression levels significantly increase with WHO grade in diffuse astrocytomas. This suggests that the annexin-1 protein might be involved in malignant transformation of these tumors, although the full functional role therein remains unclear. In some neoplasms, annexin-1 is considered to act as a tumor suppressor protein. 29 This is possibly due to regulation of the ERK/MAPK, as annexin-1 inhibits cell proliferation by ERKmediated disruption of the actin cytoskeleton and by ablation of cyclin D1 protein expression. 9 Taken together, the expression of annexin-1 in cancers is highly tissue specific. Although it is downregulated in thyroid 30 and prostrate 31 cancer, upregulated annexin-1 levels are observed in hairy cell leukemia, esophageal and pancreatic adenocarcinoma (reviewed by Mussunoor and Murray 32 ). Thus, annexin-1 expression needs to be determined for each tumor type individually. This might explain why annexin-1 is also strongly upregulated in several specialized low-grade neoplasms. This is most notable in pilocytic astrocytomas, as these tumors arise on a genetic background that is different from diffuse astrocytomas. 16 We have shown that annexin-1 expression levels are higher in primary glioblastomas than in secondary glioblastomas, which result from malignant astrocytoma progression. Similarly, the annexin-1 substrate EGFR, 14, 15 which transduces proliferative activity, is overexpressed in most primary glioblastomas. 33 In contrast, EGFR amplification is rarely observed in secondary glioblastomas. 17, 18 The similar upregulation suggests that the interaction between annexin-1 and EGFR might also exist in vivo, which has been shown in vitro. 14, 15 Further studies are needed to clarify this issue. In contrast to primary glioblastomas, 34 EGFR is absent or very low in pilocytic astrocytomas. 35 Thus, in pilocytic astrocytomas, the increased expression levels of annexin-1 do not parallel with higher EGFR levels, indicating an additional function of annexin-1 besides serving as a substrate for EGFR.
The number of tumor cells showing nuclear annexin-1 expression increased with the grade of malignancy in astrocytomas. This is in line with previously reported nuclear expression levels of FABP7, which is downstream of the Ras-independent EGFR signaling pathway, in pilocytic astrocytomas and glioblastomas. 36 However, we were not able to observe any association with nuclear annexin-1 and survival.
Furthermore, we show that ependymomas, as well as a few other neuroepithelial tumor entities, also express annexin-1 at high levels, whereas annexin-1 is significantly reduced in oligodendrogliomas. In this context, it is interesting that ependymomas show a frequent gain of function on the chromosomal arm 9q, where the annexin-1 gene is located, 37 whereas chromosome 9 losses have been reported in some oligodendroglial tumors. 38 Nuclear staining of annexin-1 in oligodendroglial tumor cells did not exceed 7% of all tumor cells. In contrast, one-third (33%) of all glioblastomas had a nuclear staining in 47% of all the tumor cells. We have found this different nuclear staining pattern to be helpful in distinguishing astrocytomas and oligodendrogliomas, especially as the majority of oligodendroglial tumor cells are also devoid of cytoplasmic annexin-1 (Figure 4b ). Similar expression patterns have been reported for Nogo A, 39 YKL-40 40 and Wilms' tumor protein WT1. 19 In doubtful cases, or mixed glial neoplasms, a panel of the above-mentioned markers might be helpful in determining the tumor origin or the amount of different components.
As cell culture experiments have shown that glucocorticoids are capable of mitigating tumor growth, determination of annexin-1 expression levels in gliomas using methods of immunohistochemisty might become useful. Further studies in correlating annexin-1 expression and steroid response of tumors beforehand are needed for verifying the cell culture experiments in vivo.
In conclusion, the upregulation of annexin-1 (and also of annexin-2, which has been reported previously) suggest that they may have a role in the development and/or progression of astrocytomas.
